Dimers and trimers of bimetallic Aluminium-Transition-Metal (Cu, Ni, and Au) atomic clusters have been studied using first principles, plane wave, pseudopotential and projected-augumented-wave potential methods. The structural properties and energy ordering of the clusters are discussed based on the calculated ground state, stable and meta-stable geometries, as well as binding and fragmentation energies.
Introduction
Theoretical and experimental studies of metallic clusters have been conducted for many years.
1) The vast majority of this work has been devoted to investigating the properties of bare metallic clusters, of which transition metal (TM) clusters have been of special interest. This is due to the unique properties of TM elements and their aggregates important for designing enhanced chemical reactivity or catalytic systems. 2) In this paper we focus our attention on dimers and trimers of bimetallic (alloy) Al-TM clusters. [3] [4] [5] [6] The additional degree of freedom in the stoichiometry of alloy clusters allows for a rational choice of components to shape the cluster properties for specific applications ranging from traditional catalysis or crystal growth to emerging nanoscale technologies. Aluminium alloys are of special technological interest as many of them have clusters as their building blocks. Here we report the structural properties and energy ordering of various atomic arrangement of Al-TM (TM ¼ Cu, Ni and Au) dimers and trimers. The presented results provide a comprehensive framework for subsequent detailed studies of electronic structures, isomerical transitions, thermal stabilities and chemical reactivities of alloy clusters, fundamental to understanding of phenomena at the molecular and nanoscale.
Method
The calculations were carried out using the VASP (Vienna Ab-initio Simulation Package) density functional theory (DFT) method. 7, 8) Fully spin-polarised calculations were performed using the ultrasoft pseudopotential (US) 7) and projected-augumented-wave potential (PAW) 9) with the generalised-gradient-approximation (GGA) for exchange and correlation (Perdew-Wang (PW91) 10) ). In VASP a plane wave basis set is used to represent the electronic wave functions. The cut-off energy of the plane wave expansion determines the accuracy of this representation. In our calculations the default (US and PAW) and 275 eV cut-off energies were used. Brillouin zone integrations have been performed using one k-point (the gamma point). Each cluster was isolated within a 15 Å box with the initial inter-atomic separation given by the addition of the atomic radii of the components. The binding and fragmentation energies were calculated as
where E cluster is the free energy of the cluster, n is the number of atoms and E atom is the calculated energy of an individual atom, calculated to be À0:22 eV for Al, À0:10 eV for Au, À0:11 eV for Au and À0:36 eV for Ni (with PAW and E cut ¼ 275 eV).
Results
We observe that the calculated data using US and PAW methods are very similar. Only the results from the PAW-275 eV calculations will therefore be discussed in the paper. The schematics of the dimer and trimer structures calculated for Al-Cu, Al-Ni and Al-Au clusters are shown in Fig. 1 . The structural parameters, magnetisation and Highest Occupied Molecular Orbital-Lowest Unoccupied Molecular Orbital (HOMO-LUMO) gaps are presented in Table 1 . The binding and fragmentation energies are given in Table 2 .
Elemental Al clusters
For the Al dimer the bondlength and binding energy (BE) were calculated to be 2.64 Å and À1:86 eV, respectively. These results are comparable with other calculations: 2.65 Å , 10) 2.54 Å , 11) 2.46 Å 12) and 2.48 Å , 13) and binding energy of À1:86 eV 13) (À1:5 eV experimental value). For the Al trimers we found that the equilateral triangular structure is 0.64 eV more energetically stable than the linear chain configuration. The bondlength 2.53 Å of the triangular Al 3 trimer compares well with other calculated values 2.64 Å 10) and 2.48 Å .
12) The bondlengths in the Al 3 linear structure were found to be 2.61 Å . A magnetisation of 2B was calculated for the Al 2 dimer, and 3B and 1B for the Al 3 linear chain and triangular trimer, respectively. The different atomic and electronic configurations do not affect the HOMO-LUMO gaps, calculated to be of 0.76 eV, 0.74 eV for the dimer and linear chain, respectively. Only for the triangular configurations is the calculated gap is smaller (0.55 eV). 
AlX dimers
The AlAu heterodimer was found to be the most energetically stable structure with a BE of À3:81 eV. The least stable is the AlCu cluster with BE of À2:85 eV. Both these energies are higher than the BE for the Al 2 dimer (À1:86 eV), indicating the AlX heterodimers are more stable structures than the Al 2 dimer. The bondlength of the heterodimers of 2.36 Å (AlAu), 2.34 Å (AlCu) and 2.20 Å (AlNi) are shorter than that obtained for the Al 2 dimer (2.64 Å ). The increased stability of the heterodimers is also reflected by the larger HOMO-LUMO gaps calculated to be 2.42 eV (AlAu), 1.69 eV (AlCu) and 1.32 eV (AlNi) compared with 0.76 eV (Al 2 ). The magnetisation 2B calculated for Al 2 is quenched to 0B for AlAu and AlCu, and 1B for AlNi.
Al 2 X trimers
We found that the Al 2 X triangular structures are more stable than the Al-Al-X and Al-X-Al linear chain configurations. The Al 2 Ni triangular trimer was the most energetically stable with a BE of À6:62 eV and the Al 2 Cu triangular trimer was the least stable with BE of À5:08 eV. These energies are higher than BE for the Al 3 triangular cluster 12) with respective fragmentation energies of À4:80 eV, À1:90 eV and a HOMO-LUMO gap of 2.22 eV.
AlX 2 trimers
We found that the AlX 2 triangular structures are more stable than the Al-X-X or X-Al-X linear chain configurations, except the AlAu 2 trimers where the Au-Al-Au linear structure is by 0.24 eV more stable than the triangular one. The AlNi 2 and AlCu 2 triangular trimers were found to have the binding energy of À6:67 eV and À4:97 eV, respectively. These energies are higher than the BE for Al 
Discussion and Conclusions
An increase in the binding energies, HOMO-LUMO gaps, and decrease in the bondlengths in the AlX heterodimers and Al 2 X trimers, compared to that of Al 2 and Al 3 , suggests that alloying the elemental Al clusters by transition metals produces more stable configurations. The fragmentation pattern for Al 2 X clusters via the Al 2 þ X arrangement is also consistent across the studied samples. For the AlX 2 clusters we have found some differences in energy ordering for AlCu 2 and fragmentation arrangements for AlNi 2 . This indicates that the consistent pattern revealed for the Al 2 X cluster does not hold for all stoichiometries of small Al-based alloy clusters. Finally, we have noticed some very significant differences between our calculated parameters, compared to those presented in Ref. 12 ). The calculations in Ref. 12) were carried out using a DFT method incorporating a coreeffective-potential with a triple split basis set (CEP-121G) and B3LYP for exchange and correlation adopted in the Gaussian98 code. We are, however, satisfied with the consistency of our results given that two different methodologies (US pseudopotential and PAW potential) and a range of cut-off energies consistently produced very similar results.
